H-aggregates of the cyanine dye Cy5 are formed during covalent linkage to the cationic macromolecule Poly(allylamine) (PAH). The nonfluorescent H-aggregates strongly restrict the usage of the dye for analytical purposes and prevent a quantitative determination of the labeled macromolecules. The behavior of the H-aggregates has been studied by investigation of the absorption and fluorescence spectra of the dye polymer in dependence on solvent, label degree and additional sulfonate groups. H-aggregate formation is caused by an inhomogeneous distribution of the Cy5 molecules on the polymer chain. The H-aggregates can be destroyed by conformational changes of the PAH induced by interactions with polyanions or in organic solvents. It has been found that the polymer labeling process in high content of organic solvents can prevent the formation of H-aggregates. The results offer a better understanding and improvement of the use of the Cy5 dye for labeling purposes in fluorescence detection of macromolecules.
Introduction
The labeling of biological or technical materials with fluorescent dyes has gained a great importance in connection with the development of new modern fluorescencebased analytical techniques such as Fluorescence Correlation Spectroscopy (FCS) [1, 2] , Single Molecule Spectroscopy (SMS) [3] , Confocal Laser Scanning Microscopy (CLSM) [4] , Fluorescence Resonance Energy Transfer (FRET) [5] , Fluorescence Recovery after Photobleaching (FRAP) [6] , or time resolved spectroscopic methods down to femtoseconds [7, 8] . For all of these processes the spectroscopic parameters of the dye molecules such as excitation and emission spectra, lifetime and fluorescence quantum yield are important but often change in an unpredictable way by the labeling procedure [9] [10] [11] [12] . Especially in the case of proteins high label degrees or label sites in close neighborhood lead to a strong decrease of the fluorescence quantum yield as well as a shift of absorption and fluorescence energy [13] [14] [15] .
We investigated these processes on the well-known chromophore Bis(indolenyl)pentamethincyanine that is commercially available under the label name Cy5 (Figure 1 ). Strong changes in the spectroscopic properties of the dye have been observed earlier by simple adsorption of the positively charged chromophore to negatively charged macromolecules, namely, polyanions [16, 17] . In this paper we studied the spectroscopic behavior of the dye after covalent linkage to the cationic macromolecule PAH. The polyelectrolyte PAH of molecular weight 70 kDa can not only serve as a simple model for proteins below their isoelectric point (IEP) but also it is an important material used in Layer-by-Layer technology allowing the formation of multilayers of alternatively charged polyelectrolytes on planar and colloidal substrates [18, 19] .
Formation of Cy5 H-aggregates was observed after the labeling procedure. Such non-fluorescent H-aggregates remarkably restrict the applicability of fluorescent dyes in analytical methods. Therefore, efforts have been made to investigate the factors that could reduce H-aggregates formation such as solvent, ion strength and complexation with oppositely charged polymers in order to improve the cyanine dye labeling process.
Experimental Part
2.1. Materials. PAH (Mw 70.000), poly(styrenesulfonate) (PSS, Mw 70.000), dimethylformamide (DMF), methanol, acetone, dimethyl sulfoxide (DMSO) and buffer materials were purchased from Aldrich (Germany); poly(methacrylic acid) (PMAA, Mw 100.000) was purchased from PolyScience Inc. (USA). All chemicals were in high purity (spectroscopic grade) and were used as received. The Sulfo-Cy5 was received from FEW Wolfen (Germany) for research purposes.
Absorption and Fluorescence
Masurements. Absorption spectroscopy was obtained using a Varian Cary 50 UV/Vis spectrophotometer. The fluorescence spectra were taken using a Varian Cary Eclipse. Spectra were taken with samples in quartz cuvettes of 1 cm in thickness.
Preparation of Cy5 (2-(
The corresponding Cy5-carboxylic acid Tetrafluoroborate (756 mg, 1.38 mmol) was dissolved in dry dichloromethane (25 mL) and stirred under argon. Ethyl-diisopropylamine (258 mg, 2.77 mmol) and N, N -disuccinylcarbonate (392 mg, 1.53 mmol) were added under argon. The mixture was stirred at room temperature for 20 hours, then diluted with dichloromethane (20 mL) and washed successively with water, 32% aqueous Tetrafluoroboronic acid and water. The organic layer was separated, dried (Na 2 SO 4 ) and concentrated. The remainder was stirred in diethylether (40 mL). The ethereal phase was separated and the ether stripped off to give the product (780 mg, 88% yield). 
NMR Analysis of This Synthesized

Preparation of PAH-Cy5
. PAH was dissolved in borate buffer (50 mM, pH 8.0) to a final concentration of 1.0 mol/L and Cy5 (or Sulfo-Cy5) was dissolved in DMF to a final concentration of 0.1 mol/l. A solvent mixture consisting of 75% borate buffer and 25% DMF was used to synthesize PAH-Cy5 A and PAH-Cy5 C (when Sulfo-Cy5 is in use). A mixture of 25% borate buffer and 75% DMF was used to synthesize PAH-Cy5 B. Molar ratio between monomer unit of the polymer and dye molecules was controlled for producing PAH-Cy5 with different label degrees. The reaction was performed under stirring at room temperature overnight (24 hours). The product was dialyzed with membrane of Mwco <15,000 for one week against deionized water and thereafter filtered and lyophilized. The label degree of dye molecules on the polymer chain was determined by UV spectroscopy in 10 mM Tris buffer, pH 7.0. The extinction coefficient for Cy5, ε Cy5 was determined and taken as 230. 
Results and Discussion
The absorption spectrum of the dye labeled polymer PAHCy5 A is remarkably different to the spectrum of the free dye Cy5 (Figure 2) .
A new absorption band appears at 590 nm close to the vibrational transition of the dye at 602 nm. In contrast, the fluorescence spectra of the free dye and the polymer bound dye have the same shape and peak wavelength (Figure 2 ), although the free dye has a 14.8% higher fluorescence intensity. These experimental results can have two different origins: either a new species is formed by the labeling procedure or the vibrational structure of the dye has changed, which is well known for certain dyes such as for example, pyrene [21] . In order to distinguish between these possibilities the fluorescence excitation spectra have been measured for the free and the immobilized dye ( Figure 3 ). They are identical but do not show the peak at 590 nm. Hence the UV/Vis spectrum of the PAH-Cy5 shows the superposition of the single Cy5 molecule and another nonefluorescent species.
The spectrum of the new species is estimated by the difference of the spectra of labeled polymer and the free dye. The 14.8% lower fluorescence intensity of PAH-Cy5 compared to that of the free dye reveals the percentage of spectrum contribution of the new non-fluorescent species in PAH-Cy5 at the maximum at 640 nm. Taken this into account, the absorption spectrum of the new species is estimated. Its spectrum has an absorption maximum at 588 nm and a broad shoulder around 645 nm. Such hypsochromic shift of absorption to higher energy could have its origin in the formation of dye H-aggregates or dimers [22] . Formation of pure H-aggregate from the Cy5 dye has been observed earlier when it was adsorbed to PSS (Cy5/PSS) in a 1 : 1 dye to monomer ratio [16, 17] . However, the spectrum of Cy5-H-aggregate on PSS (Cy5/PSS) has a quite different shape compared to that of PAH-Cy5 (Figure 3) pointing to a different arrangement and orientation of the dye molecules to each other. The maximum is at 556 nm and the shoulder around 645 nm is less pronounced as negligible.
The formation of H-aggregates and the observed differences can be explained in terms of the Kasha-theory and the Davydov splitting (Scheme 1) [22] [23] [24] . The hypsochromic absorption shift is caused by transition dipole interactions between two or more chromophores arranged parallel to each other (H-aggregates) with a large slip angle α [23, 24] higher energy than the m − state and the monomer. This leads to the observed hypsochromic shift of the absorption energy with respect to the monomer. In this case the m + state shows no fluorescence due to fast internal conversion process to the nonemitting m − state, in which the radiative decay is forbidden. In agreement with that, the Cy5 H-aggregates show no fluorescence. The two absorptions found for the PAH-Cy5 could be caused by a slightly inclined orientation of dye molecules to each other like in a herringbone aggregate. Then, both transitions become allowed and can be observed as Davydov components at different wavelength. The intensity ratio between the peaks depends on the angle between the molecule axes (transition dipoles). This could cause the observed shoulder at 642 nm.
The difference of the Cy5/PSS to the PAH-Cy5 spectrum can be explained by the high 1 : 1 ratio of dye molecules to International Journal of Polymer Science monomer units on the polymer in Cy5/PSS and by the less spatial constraints compared to the covalently linked PAHCy5. The concentration of the dye molecules adsorbed on PSS is more than 600 times higher, yielding almost complete vanishing of the monomer absorption and the fluorescence. The dye molecules are obviously all in parallel alignment that is, the long wavelength absorption is not present. In contrast, the large constraints of Cy5 in PAH-Cy5 and the lower dye concentration result in a relatively high content of nonaggregated dye molecules. The aggregates consists of inclined molecules, producing the shoulder around 645 nm as second Davydov-component [22] . In order to eliminate the H-aggregates on the polymer, PAH-Cy5 A with lower label degrees have been synthesized (Figure 4) . The aggregate band becomes smaller with decreasing label degree, which proves less dye interactions and aggregate formation. However, even at low label degree of 1 : 1500, theoretically with less than half a dye molecule bound to one polymer molecule, aggregates still exist. Hence, (1) The dye molecules are not statistically distributed along the PAH chain. This could be due to a preferred attachment of the dyes in direct neighborhood on the PAH chains during the reaction.
(2) The dye molecules are statistically evenly distributed but due to well-known tangling of polyelectrolyte in aqueous solution, even dye molecules located far from each other could form aggregates.
The tangling level of polyelectrolyte depends highly on the ion strength of the surrounding aqueous solution due to shielding of the charges [25, 26] . In pure water, the polymer chain is stretched, which should bring statistically distributed dye molecules far away from each other. We investigated International Journal of Polymer Science It is well known that dye aggregates can be dissolved by addition of organic solvents [27] . Furthermore, complexation of the PAH-Cy5 with a polycation can strongly change the conformation of the polymer and possibly destruct the aggregates. The interaction of PAH-Cy5 with PSS yielded a strong decrease of the band at 588 nm, showing the disappearance of the H-aggregate ( Figure 5 ). Nevertheless, the fluorescence intensity decreased, probably due to the formation of polyelectrolyte complexes and an increase of dye density to the range where self-quenching exists. Furthermore, a bathochromic shift of absorption energy of the monomer dye molecules is observed, caused by the negative charge of the surrounding molecules (Table 1 ). This effect is also visible for the introduction of the sulfonate groups on the chromophor and it is not related to the aggregation phenomena.
Addition of 75% of organic solvents to the aqueous PAH-Cy5 A solution yielded an increase of the absorption in the monomer dye range at the cost of the H-aggregate band. Simultaneously, the fluorescence intensity increased by almost three times. These findings prove the inhomogeneous distribution of the dye molecules in the PAH chain.
In order to minimize the formation of H-aggregates on the PAH chain, we tried to reduce the interactions between the Cy5 molecules during the labeling reaction by the addition of different organic solvents, like methanol, acetone, DMSO and DMF. DMF has been identified as the optimal solvent for the labeling process. By such synthesis PAH-Cy5 B was prepared that showed remarkable less H-aggregates. Also this dye has been used for labelling PAH in aqueous solution yielding PAH-Cy5 C. As shown absorbance and fluorescence spectra measured in aqueous solution show that the Haggregate peak of PAH-Cy5 B is much smaller compared to that of PAH-Cy5 A, and the fluorescence quantum yield is significantly improved (Figure 6 ). However, the fluorescence quantum yield of free dye is still higher compared to the immobilized ones in PAH-Cy5 B. For labeling of biological molecules the commercially available Cy5 chromophore is functionalized with two additional sulfonate groups increasing the solubility in water (Sulfo-Cy5, Figure 1) . Hence, hydrophobic interactions supporting the formation of dye aggregates are less pronounced. This dye has been taken for the labeling procedure in aqueous solution. As shown in Figure 7 , formation of Haggregates is less pronounced compared to the Cy5 without sulfonate groups, but they were still present and the content increased with the label degree. Hence, our findings are also valid for better understanding of the spectroscopic properties and usage of the more hydrophilic, sulfonated Cy5 chromophores.
Conclusions
In this paper, H-aggregates of cyanine dye Cy5 covalently linked to the polymer PAH have been observed and the behavior of the "H-aggregate band" at different solvent and synthesis conditions has been investigated. In the PAHCy5 H-aggregates, the absorption wavelength is shifted from 638 nm to 588 nm. The H-aggregates show no fluorescence, which remarkably reduces the sensitivity and applicability of the dye labeled materials for analytical methods. The behavior of the coupled dye can be described well by the KASHA-theory and the Davydov-splitting. It was found that H-aggregates were formed during the synthesis by interactions between dye molecules, leading to an inhomogeneous distribution along the polymer chain even at low label concentrations. In order to reduce this undesired effect a different synthetic route in 75% organic solvent has been developed yielding much higher label degrees and remarkable less H-aggregates on the polymer. These findings open the door for better and wider use of Cy5 dyes in sensing and fluorescence detection applications.
